
 

Supplementary Figure 1 | Transmission electron microscopy (TEM) image and 

The energy-dispersive spectroscopy (EDS) mappings of polytypic CdxZn1-xSe-ZnS 

QDs. a, TEM image of QDs. A scale bar of 50 nm is also attached (black). Inset: 

Histogram of the particle size, with an average of 16.81 nm. b, X-ray diffraction (XRD) 

pattern of the powder and film samples of CdxZn1-xSe QDs. The bulk WZ CdSe, WZ 

ZnSe, and ZB ZnS powder XRD data (PCPDF: 08-0459, 15-0105, and 80-0020) are 

also provided for comparison. c, EDS elemental mapping of Cd and Zn elements from 

polytypic CdxZn1-xSe-ZnS QDs. A scale bar of 10 nm is also attached (black). d, The 

line scanning of Cd and Zn elements from polytypic CdxZn1-xSe-ZnS QDs. Inset: TEM 

of the scanned area. The dashed line represents the cross-section of scanning. A scale 

bar of 10 nm is also attached (black). 



 

Supplementary Figure 2 | Excitonic structure of polytypic CdxZn1-xSe-ZnS QDs. a,  

Absorbance (black) and photoluminescence (red) spectra of polytypic CdxZn1-xSe-ZnS 

QDs. Different transition peaks are pointed out with different coloured arrows. The 

second derivative of the absorbance spectrum is also provided (blue). A quantum yield 

(QY) of ~93.6% is also noted. b, Energy levels of polytypic CdxZn1-xSe-ZnS QDs. 

Transitions corresponding to the absorption peaks are noted. Se and Pe indicate band-

edge and higher-order electron states respectively; 1Shh, 1Slh, 1Ph, and 2Sh indicate 

band-edge heavy hole state, light hole state, and two higher-order hole states 

respectively. 

 



 

Supplementary Figure 3 | Gradient centrifugation of CdxZn1-xSe-ZnS QDs. a,b, 

Transmission electron microscopy (TEM) image of CdxZn1-xSe-ZnS QDs before (a) 

and after (b) gradient centrifugation. Inset: Histograms of the particle size. Scale bars 

of 50 nm are also attached (white). c, Photoluminescence (solid) and absorbance (dash) 

spectra of CdxZn1-xSe-ZnS QDs before (green) and after (purple) gradient 

centrifugation. Changes in average size and size distribution of QDs result in slight 

differences in position and FWHM of the main peak, but the shoulder on the blue edge 

is almost unchanged after gradient centrifugation. HH: heavy hole; LH: light hole. 



 

Supplementary Figure 4 | Normalized photoluminescence spectra of CdxZn1-xSe 

QDs under different excitations. High-energy photoluminescence shoulders can be 

observed under both red-edge (purple, solid) and higher-state (green, solid) excitations. 

The photoluminescence spectrum is fitted with two Gaussian peaks (blue and red, short 

dash), which are attributed to heavy-hole (HH) and light-hole (LH) photoluminescence, 

respectively. An additional peak observed on the red edge is the scattered excitation 

laser (grey, short dash). 

 

Supplementary Figure 5 | Time-resolved photoluminescence intensities of CdxZn1-

xSe QDs in log coordinate. The decay of light hole (LH, green) and heavy hole (HH, 

purple) photoluminescence intensities are fitted with a single exponential. The lifetimes 

of LH and HH photoluminescence are given respectively. 



 

Supplementary Figure 6 | Structure of CdxZn1-xSe-ZnS QD-LEDs. a, Schematic of 

the polytypic CdxZn1-xSe-ZnS QD-LED structure, composed of 

ITO/PEDOT:PSS/TFB/QDs/ZnO/Al. b, Scanning electron microscopy (SEM) image 

of polytypic CdxZn1-xSe-ZnS QD-LEDs. A scale bar of 100 nm is also attached (black). 

The thicknesses of different layers are noted with red lines. The boundary between TFB 

and PEDOT:PSS is unrecognizable. 

 

 

 

 

 



 

Supplementary Figure 7 | Electrically excited transient absorption spectroscopy 

(EETA) measurement. a, Schematic of EETA spectroscopy. The QD-LED is pumped 

with a current pulse (1 kHz, 10 μs), and a delayed pulsed supercontinuum white laser 

beam (2 kHz) is separated by a beam splitter, one of which is shined on the device, 

probing the change in transmission after excitation; the other is used as a reference 

signal to eliminate disturbances of laser intensity. b, Dynamics of LH (green), HH 

(purple), and higher-lying (yellow) excitons in electrically excited transient absorption 

spectra under 10 V bias. After the end of the current pulse (grey, dash), the carriers in 

QD-LEDs begin to relax, resulting in a decrease in the bleach of different excitons. The 

decay of LH and HH excitons is slower than higher-lying excitons, indicating a 

potential microsecond relaxation of higher-lying excitons to the LH/HH excitons. 

However, the decay of LH is as fast as HH, excluding the phonon bottleneck between 

LH and HH. This result is consistent with our conclusion in optically excited transient 

absorption spectra measurement. 



 

Supplementary Figure 8 | Calculation of averaged injected carrier. a, Optically 

excited nanosecond transient absorption spectrum (ns-TAS, green) and electrically 

excited transient absorption spectrum (EETA, purple) of the CdxZn1-xSe-ZnS QD-LED. 

Averaged injected electrons under optical excitation can be calculated after measuring 

the power of excitation and absorption cross-section of the QD layer in the device. b, 

Comparison of the band-edge state bleaching in power-dependent ns-TAS (green) and 

voltage-dependent EETA (purple). When a 10 V voltage is applied to the QD-LED, the 

bleaching of the band-edge state in EETA is equivalent to the bleaching with an 

averaged injected electrons of ~0.35 per dot in ns-TAS of the same QD-LED. 



 

Supplementary Figure 9 | Device temperature under different biases. The 

temperature of our QD-LEDs continuously increases with external bias during our 

measurement. According to our calculation, the increase in temperature (from 23.0 ℃ 

to 65.7 ℃) will result in an increased Boltzmann distribution of LH (~1.3 times, from 

11.2% to 14.7%). This change in Boltzmann distribution is much smaller than the 

change in LH electroluminescence ratio (~3.6 times, from 22% to 80%), thus we only 

consider temperature as a minor attribution to the strong hot electroluminescence. 

 



 

Supplementary Figure 10 | Time-dependent LH/HH electroluminescence ratio. A 

square pulse is used for excitation, whose high and low levels are 5 V and 2 V. As the 

bias increases, the ratio between light hole and heavy hole electroluminescence 

(LH/HH) rises immediately, much faster than the temperature change. Then other 

factors influence the ratio in a longer time scale, including overcharge, degeneration of 

LED, and heat accumulation. This result confirms our conclusion that temperature only 

plays a minor role in strong LH electroluminescence.  

 

 

 

 

 

 

 

 



Supplementary Table 1| Theoretical calculation parameters. The shape of potential 

wells is supposed as trapezoidal, with band edges that transform from CdSe to ZnSe. 

Due to the lack of parameters, the effective mass of Cd-rich and Zn-rich parts are 

represented by the effective mass of CdSe and ZnSe respectively.  

 me (m0) mhh (m0) mlh (m0) CB offset (eV) VB offset(eV) Ref. 

CdSe 0.13 0.45 0.16 — — 1,2 

ZnSe 0.21 0.60 0.145 0.85 0.23 3,4 

ZnS 0.28 0.49 0.9 1.3 1 
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